ABSTRACT The potential presence of codling moth, Cydia pomonella L., in apples shipped to countries within the 30th latitudes has raised concerns that this pest could establish and spread in these countries. Previous research demonstrated that codling moth in apples handled under simulated commercial cold storage conditions and held under short day lengths could not break diapause and emerge in sufÞcient numbers to establish a minimum viable population. This study expands the in-fruit work by examining the ability of codling moth to establish a laboratory population under a short photoperiod of 12:12 (L:D) h, as compared with a long photoperiod of 16:8 (L:D) h. Codling moth larvae were collected from Þeld infested fruits in 2010 and 2011. Moths were collected from the infested fruits and separated into two groups representing the two daylength conditions. In total, 1,004 larvae were monitored for adult emergence and ability to generate a subsequent population. Larvae held under the photoperiod of 12:12 (L:D) h generated only one moth in the 2 yr period, whereas larvae held under the photoperiod of 16:8 (L:D) h generated 186 females and 179 males, that sustained subsequent generations on artiÞcial diet under laboratory conditions. These results indicate that under controlled environmental conditions, codling moth cannot complete diapause and emerge in sufÞcient numbers to sustain a viable population when held under a short photoperiod.
Codling moth, Cydia pomonella L. is a serious pest of apples [Malus domestica (Borkhausen) ] in most apple-growing regions above and below the 30th latitudes (Barnes 1991 , Willett et al. 2009 , Neven 2012 . Because of concerns about the potential of this pest to establish and spread in countries where this pest currently does not occur, protective measures have been implemented. One such program exists between the United States and Taiwan (NHC 2011) , which is commonly referred to as the ÔThree Strikes Policy.Õ This policy states that there will be a complete closure of the Taiwanese market to United States apple imports after a third interception of codling moth. This policy was implemented based on the fact that Taiwan grows host plants of codling moth, but it does not consider the biotic and abiotic factors that govern the ability of a species to establish and spread in a new environment.
In general, quarantine barriers are imposed based on risk assessments, which consider the plant host range and basic biology of a pest species. Most studies of potentially invasive species are conducted within the areas where the pest is already established and readily available to study. Unfortunately, these studies do not include assessment of the environment in the importing country on the ability of the invasive species to establish and spread. We recently published a study assessing the potential of codling moth in apples surviving commercial cold storage and exposure to short photoperiods and days of chilling (Ͻ60 d at or below 10ЊC) on diapause and emergence (Neven 2012). We determined that codling moth in apples exported to countries with short photoperiods and insufÞcient chilling requirement would pose little threat of establishment.
The question remained as to whether codling moths could sustain a population in tropical countries with short photoperiods and insufÞcient number of days at or below 10ЊC to break diapause. Therefore, we developed this project to determine the ability of codling moths to sustain a viable population under these conditions. We report the results of this 2 yr study.
Materials and Methods
Larval Source for Experiment. Ground-fall and mature apples picked from trees with known Codling Moth (Cydia pomonella) populations were collected after 15 August, the critical photoperiod for diapause induction of codling moth, from Moxee, Prosser, and Naches, WA. The apples were arranged in a monolayer in 25.5 liter plastic containers (Sterilite Corp., Townsend, MA). To provide locations for wandering Þfth instars to cocoon and pupate, corrugated cardboard strips were placed around the perimeter of the container and across the centers. Double-sided tape was applied to the rim of the containers to secure nylon organdy cloth covering the entire top opening of the container. The containers were kept on greenhouse benches with a photoperiod of 16:8 (L:D) h cycle and daytime temperatures of 21Ð30ЊC. The cardboard strips were regularly inspected for cocooned larvae. These cocooned larvae were cut from the remainder of the strip, and placed in a ÔBug DormÕ ventilated tent (BugDorm #2120, Maga View Science, Taichung, Taiwan) on a greenhouse bench (same light cycle and temperatures as the infested apples) until adult moths emerged.
The moths were collected, sexed, and mated (4 Ð5 pairs) in plastic bag cages. Each cage was a 10.2 ϫ 15.2 cm plastic bag that was crumbled, then straightened, and placed tightly over a 2 cm cardboard cylinder ring. Once the moths were introduced to the mating cage, the opening was secured with a 10.2 ϫ 10.2 cm piece of muslin cloth, secured with a rubber band, and placed on a moistened sponge disk set in a 100 mm petri plate dish. The moths in mating cages were maintained on a photoperiod of 16:8 (L:D) h cycle at 25ЊC. The date of the Þrst egg laid was noted on the cage. Although 6 Ð 8 mating cages were set up with adults from each orchard, egg deposition on the plastic bags occurred in only two or three per collection location. Initially, neonates were brushed to artiÞcial diet (Southland Codling Moth diet, Southland Products, Inc., Lake Village, AR) in 946.3 ml deli containers (Clear View #C18-6032, Pactiv Corp., Lake Forest, IL) with cardboard strips placed around the inside perimeter. However, we determined that 30 ml condiment containers (#P1Ð1, Tyco Plastics and Adhesives, Eagan, MN) sealed with lids on which a small piece of corrugated cardboard was hot glued to serve as a cocooning and pupating site, provided better arrangement for observation of larval development, cocooning, and emergence events. Emerging moths were sexed and mated to continue the colony. At various times, new wild-collected larvae were reared for a generation (to assess any disease problems) and then introduced as adults into mating cages with original colony adults. Neonates from generations (from initial wild-collected adults) 1Ð 8 were used in the experiment (with the remainder used to continue the colony).
Experimental Design. In total, 1,004 codling moth neonates from generations three through eight (a total of Þve replicates of 100 larvae per replicate for each daylength condition) were brushed into 30 ml condiment containers, equally divided, and incubated at either a photoperiod of 16:8 or a 12:12 (L:D) h cycle, at 23ЊC Ϯ 2ЊC (502 each). The 16:8 (L:D) h cycle under 23ЊC is commonly used to maintain laboratory cultures of codling moth in our laboratory (Toba and Howell 1991) . Because no mating pairs were obtained from the 12:12 (L:D) treatments, all subsequent generations were gathered from mating pairs from the larvae held under the 16:8 (L:D) conditions. Cups were checked 2Ð3 times per week to check for larval development, cocooning, and moth emergence. The date the cardboard cell on the lid was occupied and the subsequent date of adult emergence were noted. Containers without occupied cells were observed for adult emergence directly from the diet. Adults were sexed. Any nonproductive containers were examined for the condition of the insects. The insects in the 12:12 (L:D) cycle (and the nonemerged from 16:8 [L:D] cycle, generations seven and eight) were then incubated for an additional 6 mo before evaluating the individual larvae or pupae as diapaused, moribund, or dead.
Statistics. Data were recorded in spreadsheets using Excel 2007 (Microsoft OfÞce 2007). Total numbers of events were summarized in Excel as well as calculations of emergence dates, span of emergence, and percent of response variables (moth emergence, number diapause, number dead, etc.).
Results
Only one female moth emerged from the 502 larvae reared under the photoperiod of 12:12 (L:D) h at 23ЊC (Table 1 ). This individual emerged 33 d after being brushed as a neonate onto the artiÞcial diet. This indicates that this female did not enter diapause, but continued development at a rate equivalent to larvae held under a longer photoperiod. The average duration of larval development from neonate to moth in the 16:8 (L:D) treatment was 34.6 d, with a range of 26 Ð78 d. It is interesting to note that two individual moths in the 16:8 (L:D) group took 74 and 78 d to complete development.
The number of larvae found dead on top of the diet for the Þve generations ranged from 33 to 0, with higher numbers for the earlier generations. The percent of the total number of neonates not entering the diet and subsequently dying was 13.1% for the short day and 12.5% for the 16:8 (L:D) cycle (Table 1 ). In total, 497 larvae, pupae, and adults were recovered from the initial 502 neonates brushed on to diet held under the 12:12 (L:D) cycle. In total, 354 larvae, or 62.9% of the recovered individuals, were still in diapause after 6 mo under the short daylength. In total, 96 larvae, or 19.3% of the recovered individuals, were recorded as dead from those held under the short daylength for 6 mo. There were 22 individuals unaccounted for from the short day experiment, which were not counted in the end of experiment totals. In total, 452 larvae, pupae, and moths were recovered from the initial 502 neonates brushed on to diet held under the long day conditions. Of those, 365 moths emerged, representing 80.8% of the recovered individuals. Only two individuals were in diapause after 6 mo, representing 0.4% of the recovered individuals. There were 24 dead individuals, two larvae, and 22 partial pupae, representing 3.3% of the recovered individuals. There were 179 males and 186 females that emerged from the long daylength experiment. There were seven individuals unaccounted for from the long day experiment, which were not counted in the end of experiment totals.
Discussion
The ability of codling moth to establish a viable population and spread in regions where the daylength is not sufÞcient to prevent diapause induction or experience enough days below 10ЊC to fulÞll the chilling requirement to complete diapause has been a critical question for a number of years. A review of historical pest reports of codling moth revealed that this pest is rarely present in areas between the 30th latitudes (Willett et al. 2009) , and that these areas do not experience signiÞcant temperature durations below 10ЊC to fulÞll the diapause chilling requirement for this insect.
Although ShelÕdeshova (1967) reported that codling moth held under photoperiods under 15 h light and at temperatures at or above 15ЊC either remained in diapause for over 6 mo or died, most pest risk assessments assume a 100% emergence rate of this pest, regardless of the environmental conditions of the importing country. The results from this study directly support ShelÕdeshovaÕs (1967) results, where only 0.2% of the codling moth larvae would emerge as moths when held under tropical conditions.
In a previous study (Neven 2012), only 27.5% of codling moth in apples held under a photoperiod of 12:12 (L:D) h at 23ЊC successfully exited the fruit and cocooned. Of those cocooned larvae, 35.6% were dead and 60.6% were still in diapause after 6 mo. It was also determined that codling moth larvae in apples reaching areas where the chilling requirement and daylength were not adequate for diapause completion, only 1.06% emerged as moths (Neven 2012). Extrapolating further, then only 0.2% of those moths would ever reach a second generation, making it unlikely codling moths could establish in such areas. For example, Washington state, the largest apple producer and exporter in the United States, exports an average of 5,563,862 apples a year to Taiwan. With an estimated codling moth infestation rate of 1.17 ϫ 10 Ϫ6 per fruit, the number of codling moths entering Taiwan would be 191.38 with an expected emergence rate of 8.27 ϫ 10 Ϫ3 for a total of 1.6 moths a year (Neven 2012). Codling moths have been reported to oviposit Ϸ47Ð 89 eggs over their lifetime (Cisneros and Barnes 1974) . Additionally, Geier (1963) estimated that only one in three eggs oviposited on apples would result in a larval entry into the fruit. Given these two approximations, then one would expect that 15.6 Ð29.6 larvae from one mated female moth would develop to enter the fruit. However, Howell (1991) reported that in Yakima, WA, a single mated female codling moth released in a larvae-free orchard resulted in an average of 7.4 infested fruits per female. Including this study, if in the unlikely event that a mating pair of codling moths would emerge together, within a 7 d period, Þnd host fruit, and produce viable eggs, then under a short photoperiod and Ͻ50 d below 10ЊC, then an expected 0.0148 moths could emerge. With this rate of reproduction, it is highly unlikely that codling moth could establish a viable population in countries with insufÞcient chilling days and short photoperiods.
